We introduce an extended boson which is represented by a bilocal field associated with a hydrogen-like Regge recurrence, and propose an extended-boson-exchange model for non-diffractive part of N-N and N-N interactions. The proposed model amounts to the Regge-pole model at forward angles at high energy and reduces to the one-boson-exchange model at low energy. §I. Introduction
§I. Introduction
In the past decade the Regge-pole model (RPM) has been extensively applied with success to high-energy reactions of hadrons.
)
However, it is not powerful for low-energy hadron phenomena.*) On the other hand the one-boson-exchange model (OBEM) has been successful for the low energy phenomena, especially for the nucleon-nucleon interaction.
2 )"" 4 ) Under these circumstances we believe that it is worthwhile to construct a model which unifies consistently both models, that is, which leads to the RPM in high energy regions and reduces to the OBEM in low energy regions. In this paper we introduce an extended boson which is represented by a bilocal field associated with a hydrogen-like Regge recurrence, and propose the extended-boson-exchange model for non-diffractive part of nucleonnucleon and nucleon-antinucleon interactions. Our model reduces to the OBEM in low energy regions and reduces to the RPM at forward angles in high energy regions.
As is well known the Veneziano model 6 ) is a solution which satisfies the requirement of such a unification with pole-pole duality between the direct channel and the crossed one. A great number of papers have reported its application to hadron-hadron interactions in success or failure. 6 ) Most interesting is the failure of the Veneziano model for proton-antiproton scattering.
In order to produce realistic pole-pole duality, exotic resonances are needed. At present, however, no exotic resonances are known. Thus the pole-pole duality of the amplitude for proton-antiproton scattering seems doubtful. In this respect several people have proposed an amplitude which has cut-pole duality as an extension of the Veneziano amplitude. 8 ) As far as the analytical structure of the amplitude is *> In this paper the critical energy separating the "low" and "high" energy regions is a few
GeV of laboratory energy. concerned, our amplitude also has cut-pole duality. However, in physical meaning and mathematical form, the cut-pole duality of our model is quite different from that in extended Veneziano's models, as is discussed later on. Before entering into details of our model we should review works based on the particle-exchange picture for hadron-hadron interactions, since our model also belongs to this cathegory. Striking results of the particle-exchange picture have been shown in studies of nucleon-nucleon interactions at low energies. Beginning with the Yukawa meson theory, the one-pion-exchange theory was established for the outer region of the nuclear forces 5 > and subsequently the OBEM 2 > was shown to be useful in describing nuclen-nucleon interactions at an internucleon distance larger than 0.5,a,...
Furthermore, introducing a nucleonmeson form factor to the OBEM, we have shown that this model well describes interactions at the smaller distance, 3 > or the nucleon-nucleon interaction upto a few GeV. 4 
>
However, a straightforward application of the OBEM to the high-energy hadron reactions encounters a difficulty in fitting the experimental data. The primary difficulty is in the too rapid increase of the amplitude with energy, which comes from exchange of mesons with non-zero spin. However, if we modify the OBEM by multiplying a phenomenological factor which suppresses the increase of the amplitude, the modified version still fits, for example, the high-energy proton-proton scattering data -differential cross-section, polarization and the real-imaginary ratio of forward amplitude.
Obviously the modification of the energy dependence of the OBE amplitude does not change the spin-variable dependence of the OBE amplitude. Consequently we have suggested that the OBEM has the ability to describe the spin-variable dependence of the amplitude also for high-energy reactions irrespective of the modification. (Hereafter we call this approach the modified OBEM.)
For removing the energy-dependence difficulty of the OBEM we have claimed to introduce a space-time extension of exchanged particles. Actually we could show that an extension of the extendedboson brings a desirable energy dependence of the amplitudes for high-energy proton-proton scattering.
Historically it is well known that the concept of non-locality of elementary particles was introduced by Yukawa. 12 
In my opinion this concept should bear fruit not only in efforts for overcoming the divergency difficulty or explaining isotopic spin, etc., but also for constructing realistic models for the high-energy interaction. In this respect it was very interesting that Tanaka et al. discussed the connection between the RPM and the extended-particle exchange.
13 > Another development of the particle-exchange picture leads to the infinite one-particle-exchange model. 14 
>'
15 > Durand defines an infinite sum of one-particleexchange contributions in a region of s (one of the Mandelstam variables) where the sum is convergent and makes an analytic continuation of the sum into another region of s where the original sum is divergent. He showed that the analytically
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continued amplitude is the same as the Reggepole-exchange term at forward angles at sufficiently high energies. Kawasaki, Kobayashi and Yonezawa, however, pointed out that at some large angles Durand's amplitude reveals terms of non-Regge behavior . 16 
>
All these arguments are based on a linearly rising Regge trajectory.
Our extended-boson is represented by a bilocal field which is defined by an infinite series of local fields with spin l and mass mz.
Consequently the extended-boson-exchange am- In contrast with Durand's model, however, our infinite series originates from the space-time extension of the boson. The extension may be considered to be induced by some subhadronic interactions. In other words, it represents the composite character of the boson.
Then we naturally arrive at an analogy with, for example, hydrogen and expect that the composite system can dissociate when energy is given to the system over some critical energy. In view of the analogy we introduce to the extended boson some dissociation energy tnc mhich is an asymptotic value of mz when l tends to infinity.
In this paper we adopt a hyperbolic function for relation between mz 2 and l. The function brings asymptotic values to both mz 2 and l. Though it is chosen for simplicity to introduce the dissociation point me, the asymptotic behavior with respect to l gives also a favorable property to the amplitude for fitting the nucleonnucleon experimental data.
When the bilocal field propagates in a time-like state it shows a spectrum of mz in total cross-section. The spectrum corresponds with a Regge recurrence. However, in remarkable contrast with popular linear recurrences our recurrence shows an accumulating point at the dissociation energy. A recent CERN reports of the missing mass spectrum of x-from 7C + p--:,.x-+ p show a great number of narrow peaks above about 1 Ge VY> Some of them are densely located and are interpretable as the accumulating spectrum of the extended boson.
Section 2 is devoted to definition of the extended boson and derivation of the lowest order amplitude of the extended-boson exchange. In § 3 we give some explicit examples of the extended-boson exchange amplitude which reduces to the OBEM at low energy and comes to the RPM at forward angles and the modified OBEM at large angles at high energies. In § 4 discussions are given on related problems. § 2. Extended-boson excbange amplitude
In this section we define a bilocal field and derive the lowest-order amplitude of the bilocal :field exchange between nucleons or nucleon and anti-nucleon. An extended boson with spin S may be represented by the following real bilocal field : (1) where X and r are barycentric and relative coordinates of the extended boson, respectively, and
is a symmetric and traceless tensor and subjected to the following conditions: (2) and O~a Uvc··a···ez (X) = 0. (3) A specification of m/ by the hyperbolic function will be made in the next section.
Furthermore u(v)(p) (X) is assumed to satisfy the following commutation relation:
where D(v)(p);(v')(p') is defined in Ref. 14) and D (X-X') is defined as follows:
The definition of the infinite sum of (1) is as follows. First define the sum in a domain of X and r where the sum is convergent. Then make analytic continuation into the other domain of X and r where the original sum is divergent. In the convergent domain each term in the sum has meaning and fz 8 (r 2 ) represents a space-time matter distribution in a state specified by l. Thus a relative probability density with which a state specified by l realizes in the extended boson is given by
Next we define a Fourier transform of (1) by where m Is nucleon mass and (6) (7) (8) T. Ueda
The explicit specification of ht 8 
contribute only in even and odd part of l in the series of (1), respectively.
gram.
The lowest-order S-matrix of the extended-boson exchange is given by (11) Let us consider a scattering of nucleons of mass m with the initial barycentric momentum P and energy E and the final barycentric momentum P'. Then spin matrix elements for the scattering are derived from (11) as follows:
where Ur (P)'s are conventional Dirac spmors with spin index r and
Here M+ (t, u) (M-(t, u)) represents a Lorentz invariant amplitude corresponding to the exchange of the extended boson with even (odd) spin S. In (12) we have introduced a nucleon-meson form factor FN(t). The argument z of the first kind of Legendre function in (13) is defined as
The Mandelstam variables t, s and u are defined with momenta pi, p/, p 1 and P/ of the two initial and the two final particles respectively as follows.
with a relation
For nucleon-antinucleon scattering the definitions of u and s are to be interchanged. § 3 Model with hydrogen-like. Regge recurrence.
In this section we specify explicit forms of the mass spectrum mz and the function h/ (Q 2 ) representing the extension of the boson and propose the extendedboson exchange amplitudes for non-diffractive part of nucleon-nucleon and nucleonantinucleon scattering.
Proposal of the extended-boson exchange amplitude
Now the hydrogen-like Regge recurrence mz 2 is assumed as (17) where me, A and lc are the dissociation energy and two adjustable parameters respectively. With lc of infinity Eq. (17) in such a form as (18) where Cz is independent oft. We obtain A; 2 (t) = -t+4m 2 +A 2 for the first example and A; 2 (t) = A; 0 a constant for the second example. Throughout the following, however, we employ the mathematical form of (18) without specifying the explicit forms for !C(t). Now ~C(t) is assumed to be an arbitrary function of t except for obeying two conditions which we will impose later on.
Then an explicit form of the extended-boson exchange amplitude for M(t, u) of (13) is proposed as follows:
where we have assumed Cz in (18) as (20) has to be taken as a non-integer and lo">lc, and l 1 has to be positive odd (even) integer for the extended boson with odd (even) spin. Now the function tc (t) appearing in (19) is assumed to be subjected to the following two conditions. The first one comes from Eqs. (8) and (18) as follows:
The second one is necessary in order that (19) is reducible to an amplitude of the OBENI in the low energy region and convergent for the direct channel resonance scattering. It turns out that the neccessary and sufficient condition for the above property is the following : imposing the condition (22) will be clarified after a while. for tc (t) satisfy these two conditions.
The reason for The two examples

Ca}culation of the infinite series
In Eq. (1) we defined the series in the divergent case by analytic continuation from the convergent sum. Consequently the same procedure should be employed for the divergent case in the sum of Eq. (19) . Let us show the details of calculation for summation of (19) in the simple cases of vector-and tensor-extended-boson with / 1 equal to 1 and 2, respectively. For more general cases only the results will be shown at the end of this section.
*> In (19) the factor (l+2) (l+4) .. ·(l+h+S-2) should be read to be 1, if ll+S-2=0.
At first define the following sum in its convergent domain:
By employing the Laplace representation for the first kind of Legendre function,
we have The uniformly convergent domain of the series (23) is seen to be lxl <1. For lxl<1 and a(t)<1 a(t, x; l 0 ) can be expressed as follows:
For lxl>1 and a(t)<1 we can make analytic continuation from (29·1) as follows, -:E_l__. 
loX-l 0 • s111 n:a (t) sin n:lo -11: (a (t) + lo) _ §_ ( 1.+ ei,..zo ·lox-Zo) ol 0 S111 n:lo
Properties of the extended-boson exchange amplitude
In order to see properties of the amplitudes (31) the following are to be noted. In Fig. 4 we show a function ( (z) = z + .J z Then we have lzl > 1. In the n-integration of (31) the integration for lxl <1 is negligible because of the relatively small integrand and short integration interval, and the term containing x-zo is also negligible, because ! 0 has been assumed to be sufficiently large. Thus the term containing 
-1 cos rj. Recall the condition (22) imposed on !C(t). Now in the region
where o 1s defined by 
Mv (t, u) fv (t) u-1!2,
where fv (t) Is a function only of t. Similarly we have In summary the extended-boson exchange model of (31) has the following properties: at low energies it reduces to the OBEM; at high energies it tends to the RPM at the forward angles and to the modified OBEM at large angles. Though these properties have been demonstrated in a special case (31) the same properties are seen also in the more general case (19) . Firstly the reducibility to the OBEM at low energies is clear. For the amplitude (19) at high energies we have the following result instead of (31):
where ~' represents a summation over even (odd) n for M+ (t, u) (M-(t, u) ).
In deriving (36) the 17-integration for the part of Jxl <I has been neglected.
Therefore the expression (36) should be employed only for high-energy scattering. Now with the same reasoning as in the special case (31) the following is easily shown. The amplitude (19) comes to that of the RPM at forward angles and to that of the modified OBEM at large angles.
Finally we note that in Eq s. (36) all ghost poles of 1/ sin na (t) are killed by
and by the terms in the
Equations (32) /' "' -../ (36) are written with arguments t and u and serve for nudeon-antinucleon scattering with a space-like momentum exchanged. Of course one can get equally useful expressions for nucleon-nucleon scattering by replacing u in Eqs. (32) /' "' -../ (36) by (-s). For the direct channel resonance scattering between nucleon and antinucleon the original amplitude (19) is available in itself, since it is convergent there. Now let us dicuss the analytical structure of the proposed amplitude. Firstly we see that a (t, x; ! 0 ) defined by (29 ·1) and (29 · 2) has a cut from x = 1 to oo on a complex x plane. This causes in the amplitudes, Mv (t, u) and MT (t, u), a cut from u =4m 2 to oo on a complex u plane and a cut from s=4m 2 to oo on a complex s plane. Secondly we note that the introduction of the factor 1/ (l + / 0 ) in Eq. (26) kills a pole at x = 1. Consequently we have no pole of u or s in Mv (t, u) and MT (t, u) . The same properties are seen in the general case of proposed amplitude (36). Thus duality of the proposed amplitude is u-cut and t-pole duality or s-cut and t-pole duality. § 4. Discussion
w, p, f trajectories and their m/
A characteristic feature in our trajectories (28) is its asymptotic behavior.
The trajectories have asymptotic values m/ and -lc. Figure 5 shows the p, w a-nd f trajectories which were obtained by Chiu, Chu and Wang from analyses of pion-nucleon and nucleon-nucleon scattering. 15 l From this figure it seems plausible to take the asymptotic values -lc for w and f to be -lc", = -1 and -!/ = -2, respectively. The p trajectory seems straight so that we need large lc. Now me 2 is g1ven by
T. Ueda The essential point of our claim is that a (t) has asymptotic values.
The hyperbolic function itself has been taken for simplicity to represent asymptotic behavior. Therefore the evaluated values for me should not be taken seriously. However we may conjecture In the extended-boson-exchange amplitudes which we have presented the function h/'I (Q 2 ) has to take the mathematical form of (18) . Now let us study the space-time behavior of the function f/(r 2 ) in the two examples of tc(t) -the Yukawa and Gauss type---:-which are special cases of (18) .
In the first example the function ft 8 in the second example increases also its extension with l.
Possible generalization and modification
The factor 1/ (l + S + l 0 )<L 1 +B)/ 2 appearing m (19) has been introduced for convergence of the infinite series at lxl = 1. It is essentially necessary to have a factor which behaves like 1jl<L 1 +B)/ 2 at large l for the sake of convergence. We can have various modifications of the factor in (19) . For example, a factor (l + 1 0 ) !/ {l + 1 0 + (l1 + S) /2}! satisfies the convergence requirement.
It may be that more general specification of the extended-boson-exchange amplitude than (19) 
Comparison with Durand's model
Durand made an infinite sum of one-particle-exchange contibutions in which the particles are on a linearly rising Regge trajectory with a universal coupling constant .. 14 ) Firstly, at forward angles in high-energy scattering his model and ours show similar Regge-pole behavior. However, difference appears at large angles of high-energy scattering. In Durand's amplitude non-Regge-pole terms dominate at large angles 16 ) in disagreement, with for example, experimental protonproton angular distribution. Our model reduces to the modified OBEM at large angles which has fair success in describing high-energy nucleon-nucleon scattering.10) However, a model like the modified OBEM at large angles can be made 111 Durand's scheme, too, if the universality of the coupling constant is modified in a similar way to ours.
This feature of the reducibility to the modified OBEM is the characteristic of our model and in contrast with an approach of Kinoshita, Kobayashi and Shiga where the full Regge behavior of the amplitude is pursued. In this respect it is interesting to see Wu and Yang's model.
)
This model makes fits to highenergy proton-proton scattering with an amplitude just like that of the modified
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OBEM.
A merit of our model over Dur-and's would be in the reducibility of our model to the OBEM at low energies. As was seen in the preceeding section our extended-boson exchange amplitude describes the scattering processes from low to high energy regions with the single analytic function and can be well approximated by the amplitude of the OBEM in low energy regions which has some experimental support.
2 )"' 4 >
Comparison with Veneziano-type models
As was stated in an introductory remark the pole-pole duality of the amplitude for proton-antiproton scattering seems doubtful because of no definite evidence for the existence of exotic resonances. In this sense the cut-pole duality is more plausible. Kawarabayashi, Kitakado and Yabuki proposed an extended Venezianotype amplitude with the cut-pole duality. 8 ) In their work the cut is interpretable in terms of two-meson-exchange contribution. This is quite different from ours. The cut structure of our amplitude originates from a structure of the space-time extension of the exchanged boson. Therefore the lowest-order calculation itself gives the cut structure. Furthermore in practical application a difference between these two models will appear at scattering with large momentum transfer (it I >m 2 ).
Their amplitude gives a ·shrinking-type term such as sae(t) /ln s, but ours that of the modified OBEM.
Very recently Kawasaki, Susuki and Yonezawa have constructed an infiniteone-boson-exchange model of the Veneziano type. 23 )
Introducing an exotic trajectory, they showed that their model describes both the low-and high-energy proton-proton scattering. However, the problem that the exotic trajectory produces unwanted ghost poles in proton-antiproton channel is unresolved.
Picture of the extended boson in terms of parton and local field
The extended boson defined by Eq. (1) can be interpreted in terms of partons. For simplicity we take a scalar-bilocal field:
Now consider an assembly of an infinite number of partons with spm 1 and with spin 0. Obviously spin states constructed by these partons are of spin 0, 1, 2, · · · oo. Resultant orbital angular momentum due to all partons take also values of 0, 1, 2, .. · oo. The assembly can occupy a state in which total angular momentum 0 is constructed by the spin state with spin l and the orbital angular momentum state with the angular momentum l. Then superpose the states with the total angular momentum 0 over l. This superposed state can be assigned to the scalar bilocal field (40), since we may interpret u{p) (X) in (40) as the spin state with spin l and bi( .Jr with angular momentum l.
Another picture of the bilocal field ( 40) can be made in terms of the local field theory. We may regard the part with l = 0 in ( 40) as a local field and the other part with l larger than 0 as the higher order corrections.
To conclude, we have constructed the extended-boson-exchange model which reduces to the OBEM in low energy regions and reduces to the RPM at forward angles and the modified OBEM at large angles in high energy regions. Thus the model will be useful for phenomenological analyses of nucleon-nucleon and nucleon-antinucleon scattering with the single analytic function all over the entire energy region. Furthermore the extended boson includes accumulating resonances whose existence may be clarified, for example, by missing mass experiments by energetic beams and may be indicated by fire balls in the cosmic ray data.
The 
